Duchenne muscular dystrophy (DMD) is a severe neuromuscular disorder caused by mutations in the dystrophin gene that result in the absence of functional protein.
IntroductIon
Duchenne muscular dystrophy (DMD) is a fatal muscle-wasting disorder caused by mutations in the dystrophin gene. The majority of mutations disrupt the open reading frame, resulting in the absence of a functional dystrophin protein at the sarcolemma of muscle fibers. The related allelic disorder Becker muscular dystrophy is caused by mutations that create shortened but in-frame transcripts with production of partially functional dystrophin, leading to a milder phenotype. 1 Antisense-induced exon-skipping strategies that aim to remove the mutated or additional exon(s) to restore the reading frame have been shown to induce the expression of these "Becker muscular dystrophy-like" shortened forms of dystrophin protein, retaining crucial functions. [2] [3] [4] [5] Antisense oligonucleotide-mediated exon-skipping uses different oligonucleotide chemistries to target specific exon(s). The most commonly used 2′-O-methyl phosphorothioate and phosphorodiamidate morpholino oligomers (PMO) have recently been tested in small clinical trials by local intramuscular injections (refs. 6,7) . Although the local restoration of dystrophin expression detected in patients confirmed the proof of principle for this therapeutic approach in human subjects, an effective therapy for DMD requires a systemic correction.
Previous work using PMOs has demonstrated a restoration of dystrophin expression in multiple muscle groups following systemic intravenous 8 or intraperitoneal 9 delivery in mdx mice and more recently in dystrophic dogs, 10 but high-dose multiinjection protocols were required. Peptide-conjugated PMO oligomers (PPMOs) have since been shown to induce a uniform, widespread, and high level of dystrophin protein expression, leading to an increase in muscle strength in the mdx mouse. [11] [12] [13] [14] The dystrophin-deficient mdx mouse has historically been used as the primary model of DMD, although this mouse does not experience the severe, body-wide dystrophy that considerably shortens lifespan in humans. The mild phenotype of the mdx mouse is partly attributed to compensatory overexpression of the dystrophin-related protein utrophin, as knockout of both dystrophin and utrophin in mice causes progressive muscle wasting, impaired mobility, and premature death. 15, 16 Therefore, double-knockout (dKO) mice, which present a much more severe and progressive dystrophic phenotype than mdx mice, represent a more appropriate model to test the therapeutic potential of the antisense approach. Here, we tested the hypothesis that the cell-penetrating peptide-conjugated oligomer we previously used in mdx mice 11 could ameliorate the pathology associated with severe muscular dystrophy in dKO mice. We demonstrate that repeated intraperitoneal (i.p.) injections of a PPMO induce a widespread restoration of dystrophin expression in all muscles examined, except for the cardiac muscle, resulting in a considerable improvement of the dystrophic pheno type of these mice.
results dystrophin expression in dKo mice after PPMo treatment
To test whether PPMOs could improve the severe dystrophic pathology of dKO mice, initial experiments were conducted with a similar treatment to that previously used in mdx mice. 11 The dKO mice were injected weekly into the i.p. cavity with 5 mg/ kg/week of PPMO beginning at 10 days of age. This regimen, which induces a variable level of exon 23 skipping and dystrophin expression in the different muscles of mdx mice, 11 was not sufficient to rescue the severe pathology of the dKO mice. Treated mice displayed no phenotypic improvement and an equivalent reduced lifespan, as seen in untreated controls (average lifespan of 8.2 weeks, Supplementary Figure S1) .
We therefore decided to increase the dosage and injected dKO mice i.p. with 25 mg/kg/week for 6 weeks beginning at 10 days of age. Treated mice were killed 6 weeks after the last injection, at 13 weeks of age. This survival, never seen in untreated dKO mice, was a first indication of treatment efficacy.
Total RNA extracted from the treated muscles was analyzed by reverse transcriptase-PCR (RT-PCR) (Figure 1a) . The fulllength transcript is represented by an amplicon of 901 bp, and the in-frame transcript excluding the mutated exon 23 is represented by a 688-bp product. Treatment with PPMO at a dosage of 25 mg/kg/week induced an almost complete exon 23 skipping in all skeletal muscles examined, except in cardiac muscle where only a faint band corresponding to the skipped product could be detected (Figure 1a) . Skipping efficiency appeared particularly high in the diaphragm where the full-length transcript was no longer detectable. The shorter 542-bp amplicon corresponds to a skipped transcript lacking exons 22 and 23 and has been previously reported. 4, 17 Immunofluorescence performed on tissue sections revealed restoration of dystrophin in all muscles analyzed except for the heart (Figure 1c) . Widespread expression of dystrophin protein over multiple sections within each muscle group was detected in hind limb (biceps and triceps), forelimb (tibialis anterior, gastroc, and quadriceps), and back muscles. As predicted by RT-PCR results, the level of dystrophin expression was particularly high in diaphragm muscle which was almost undistinguishable from normal C57BL6 diaphragm. Western blotting on samples from treated dKO mice confirmed the above results (Figure 1b) . Of particular significance, considering the method of injection, were the distal muscle groups such as biceps and triceps, where levels approaching 80% could be detected. Low levels of dystrophin expression (around 2%) could be detected in the heart when the sensitivity of the western blot was increased by longer exposure (data not shown).
PPMo treatment averts the onset of dystrophic pathology in the dKo mice
In order to evaluate the functional correction in skeletal muscle following the PPMO treatment, we first assessed the restoration of the dystrophin-associated protein complex (DAPC). Dystrophin and the DAPC play a major structural role in muscle by forming a link between the internal cytoskeleton actin and the extracellular matrix, but the DAPC also has important signaling functions via neuronal nitric oxide synthase and other components. 18, 19 In the absence of functional dystrophin protein, the DAPC fails to localize correctly at the sarcolemma and its function is therefore compromised. Analysis of muscle sections from PPMO-treated dKO mice revealed the expression of the DAPC component proteins including α-sarcoglycan, β-sarcoglycan, β-dystroglycan, and neuronal nitric oxide synthase and their successful relocalization at the sarcolemma (Figure 2) . Muscle tissues analyzed were from tibialis anterior (TA), gastrocnemius, quadriceps, biceps, diaphragm, and heart muscles. Bar = 100 µm. dKO, doubleknockout; PPMO, peptide-conjugated phosphorodiamidate morpholino oligomer.
Histologically, dKO muscles are characterized by large inflammatory infiltrates and a high percentage of centrally nucleated myofibers, which reflects the continuous degeneration-regeneration process. Hematoxylin and eosin staining reveals a significant improvement of the muscle histopathology after PPMO treatment (Figure 3a) . Treated muscles displayed no evidence of infiltrating mononuclear cells and a drastic reduction in the percentage of centrally nucleated myofibers (~9%) when compared to agematched untreated dKO mice (~82%) (Figure 3b) . Moreover, the restoration of dystrophin expression in treated muscles induced a significant shift in myofiber size as illustrated in Figure 3c . Although dKO muscles show an increased number of small fibers as a result of the degeneration-regeneration cycles, treated muscles reveal a uniformity of the muscle fibers similar to that observed in the C57BL6 controls, reflecting the functionality of the restored dystrophin.
In contrast to mdx mice, dKO mice display a very severe dystrophic phenotype, including abnormal waddling gait, contracted and stiff limbs, and very pronounced kyphosis as a result of the degenerative process (Figure 4a) . The reduced musculature considerably affects the mobility of the mice, especially during the last few weeks of life. Supplementary Video S1 illustrates this seriously decreased ambulation in a 9-week-old control dKO mouse. The appearance and behavior of age-matched PPMO-treated dKO mice are strikingly different. Their dystrophic pathology appears greatly improved as the animals demonstrate only a minimal kyphosis and contracted limbs (Figure 4b) . Furthermore, their mobility, their food seeking behavior, and the turgor of the tail are markedly improved and appear close to normal as demonstrated in Supplementary Video S2.
In addition, treated dKO mice displayed a massive reduction in serum creatine kinase levels when compared with untreated dKO mice (Figure 4c ). This significant drop to normal levels indicated a whole-body reduction in muscle degeneration consistent with the widespread restoration of dystrophin expression.
PPMo treatment improves muscle function in dKo mice
Encouraged by the widespread restoration of dystrophin expression and the considerable improvement of the dystrophic phenotype of the treated mice, we investigated in more detail their muscle function and contractile properties.
We first assessed the forelimb muscle strength of the treated and control mice 2 weeks after the last injection using a functional Prevention of Dystrophy in dKO Mice Using PPMOs test of grip force strength. 20, 21 As expected, untreated dKO mice displayed a much reduced grip strength compared to age-matched C57BL6 controls as illustrated in Figure 5a . On the other hand, treated dKO showed a remarkable improvement of their grip strength, no longer different from the normal controls, consistent with the particularly high restoration of dystrophin expression observed in the forelimbs.
We next investigated force production in hindlimb muscles of treated and control mice using the extensor digitorum longus muscle. Both peak force and specific force, after normalization with the cross-sectional area of the muscles, appeared dramatically reduced in untreated dKO mice, as a result of their severe muscle degeneration (Figure 5b,c) . PPMO treatment considerably improved dKO muscle function such that specific force was no longer significantly different from that generated by wild-type mice (Figure 5c) .
In addition, we tested the ability of the restored dystrophin to protect dKO myofibers from exercise-induced damage, by assessing maintenance of force production following a series of eccentric contractions. The protocol applied resulted in a reduction of initial muscle contractile force to the extent of ~42% in untreated dKO mice compared to only ~12% in C57BL6 mice (Figure 5d ). Treated dKO muscles appeared largely protected from contraction-induced injury as the percentage of force drop was reduced to ~16%. Taken together, these results indicate that the widespread restoration of dystrophin expression induced by the PPMO greatly improves muscle function in the severely affected dKO mice. gained increasing attention as its ability to restore dystrophin expression has been demonstrated in several studies. 5, 9, 24, 25 Clinical trials to evaluate local antisense oligonucleotide exonskipping in DMD patients have successfully been conducted in the Netherlands 6 and in the United Kingdom, using 2′-O-methyl phosphorothioate and PMO, respectively, and systemic trials are currently in progress. Nonetheless, major challenges remain, including achievement of widespread and sustained restoration of dystrophin accompanied with minimal adverse effects. Therefore, the ideal compound will have to show efficacy at low dose, be able to target all of the tissues affected by the lack of dystrophin, including the heart, have long-term effects, and be easily administered. Although previous work investigating antisense oligonucleotide-based exon-skipping failed to achieve some of these objectives, recent studies using PPMO have described very promising findings. Cell-penetrating peptide-conjugated PMO have indeed been shown to induce widespread, uniform, and sustained restoration of dystrophin in most of the skeletal muscles and the cardiac muscle in mdx mice. 12, 13 In this study, we investigated the therapeutic potential of such peptide-conjugated PMO-mediated exon-skipping in the severely affected dKO mice and demonstrated an impressive prevention of their dystrophic pathology. Treatment with PPMO at a dosage of 25 mg/kg/week for 6 weeks induced almost complete exon 23 skipping in all the muscles examined, except the heart, as revealed by the RT-PCR analysis. This very efficient exon-skipping was associated with a widespread restoration of dystrophin in the same muscles. Levels of exon-skipping and dystrophin expression were particularly high in the diaphragm of the treated dKO mice, which appeared almost indistinguishable from wild-type diaphragm. Of particular significance was the restoration of dystrophin protein-levels approaching 80%-that was detected in distal muscle groups such as triceps and biceps. In contrast, exon-skipping and dystrophin expression were only minimal in the cardiac muscle, which differs from previously reported results. A recent study using the same PPMO oligomer demonstrated a dystrophin restoration of ~20% of normal levels following intravenous injection in mdx mice. 12 This difference in heart dystrophin level likely results from the method of administration. In fact, in mdx mice, correction of dystrophin expression in the heart was more effective via intravenous delivery as compared to i.p. or subcutaneous routes [12] [13] [14] (N. Jearawiriyapaisarn, P. Sazani, and R. Kole, unpublished results). In the particular case of dKO mice, being able to treat the animal very early in life was crucial to demonstrate that PMO-induced dystrophin can largely prevent onset of the dystrophic process that normally begins at ~14 days of age. 26 Intraperitoneal delivery was the only feasible route of treatment of neonatal animals. However, in older animals and, more importantly, in DMD patients, intravenous infusions of PPMO may lead to more significant dystrophin expression in the heart.
Initial experiments conducted with a dose of 5 mg/kg/week of PPMO as previously used in the mdx mice 11 did not lead to any phenotypic improvement of the dKO mice, although some level of dystrophin expression could be detected in mdx controls following the same treatment. This could be explained by low and heterogeneous levels of dystrophin restoration induced with this dose in the different muscles (100% in diaphragm, and 3-8% in distal muscles as described in ref. 11), which would therefore not be sufficient to compensate the severe degeneration of the dKO muscles.
In contrast to dystrophin-deficient mdx mice, whose mild phenotype can be attributable, at least in part, to compensatory overexpression of utrophin at the sarcolemma, 27 dKO mice display an earlier onset of dystrophy, more extensive muscle wasting, significantly reduced musculature, contractures of the joints, and a considerably shortened lifespan. 15 It is possible that a low-dose treatment such as 5 mg/kg/week should be administered even earlier than 10 days in these mice to prevent the onset of dystrophy, but this could not be tested because of the genotyping steps required, which prevents us from injecting dKO mice before 10 days of age. The dramatically reduced lifespan of the dKO mice, together with the early onset of dystrophy, might represent a very extreme situation where high levels of dystrophin restoration have to be achieved very quickly. Repeated low-dose treatment, which could slowly restore dystrophin expression, might therefore not appear effective in the dKO mouse model when compared to the mdx model. A recent study using naked PMO in mdx mice has demonstrated the significant impact of dosing regimen 28 and shown that repeated administration of low doses of PMO could increase the number of dystrophin positive fibers compared with that observed following a single large bolus injection. The lack of functional rescue observed in dKO mice treated with similar repeated low doses of PPMO presumably results from the rapid progression of the disease, possibly suggesting that the dKO model might not be appropriate for evaluating low-dose regimens. However, the comparatively longer time scale of disease progression in DMD patients might allow slow accumulation and restoration of dystrophin through repeated low-dose treatment, which could be clinically applicable.
Increasing the dosage to 25 mg/kg/week in dKO mice allowed a widespread, higher level, and more uniform restoration of dystrophin expression in the different skeletal muscles. As a consequence, we found that DAPC protein components were correctly relocalized and morphological properties of the treated muscles were greatly improved. Restoration of dystrophin expression induced a significant shift in myofiber size and a dramatic reduction in the percentage of centrally nucleated myofibers when compared to age-matched untreated dKO mice. In addition, a massive drop in serum creatine kinase levels was found in treated dKO mice compared with untreated controls, indicating the wide protective effect of restored dystrophin on myofiber integrity.
In order to evaluate in more detail the benefit of the treatment, we performed a series of functional tests starting with assessing the forelimb strength. Treated mice demonstrated a remarkable improvement of grip strength, similar to the wild-type controls, consistent with the particularly high level of dystrophin expression observed in the forelimbs. We next assessed hind limb muscle function and showed significant increase of peak force and drastic reduction in the percentage of force drop following a series of eccentric contractions. These results confirmed the functionality of the restored dystrophin, which protects the myofibers from exercise-induced damage. Remarkably, the specific force generated by treated dKO extensor digitorum longus muscle was no longer different from that recorded in wild-type mice, even though dystrophin restoration in hind limb muscles was estimated between 50 and 60% of normal levels by western blot (for tibialis anterior and gastrocnemius muscles, respectively). However, the quantification of restored protein represents an average of total amount and does not reveal the distribution of the dystrophin within the muscle. Immunostaining data on the other hand reflected a uniform expression of dystrophin, suggesting that each fiber might express the protein but at a lower level. This uniformity could therefore explain the impressive results of specific force recovery following PPMO treatment.
Altogether, these results demonstrate the functionality of the restored dystrophin and represent the molecular, morphological, and functional improvement of the dystrophic pathology of these mice.
Although control dKO mice display a very severe dystrophic phenotype including extensive muscle wasting, contracture of the joints, a very pronounced kyphosis, and a dramatically reduced motility (as illustrated in Supplementary Video S1), treated dKO mice show almost return-to-normalcy for most of the examined parameters. PPMO treatment strikingly prevented kyphosis and contractures and remarkably improved their motility as shown in Supplementary Video S2.
The severe pathology of dKO mice results in a considerably shortened lifespan (80% mortality by 10 weeks of age) and no control dKO mice have survived beyond 12 weeks of age as illustrated in Supplementary Figure S1 . Although we did not perform a detailed lifespan analysis, we observed a clear improvement as treated mice looked very healthy when killed at 13 weeks of age (which is older than any control). The appearance and behavior of 13-week-old treated mice were still close to normal as shown at 9 weeks of age in Supplementary Video S2. Although we decided to kill treated mice 6 weeks after the last injection in order to further investigate dystrophin restoration and muscle properties, we also kept few of them for longer term experiments. These mice, reinjected once a month with 25 mg/kg of PPMO in order to maintain a good level of dystrophin expression, are now 26 week old and still look very healthy.
In conclusion, this study demonstrates for the first time the efficiency of the antisense-mediated exon-skipping approach in the utrophin/dystrophin dKO mouse, which is a much more severe and progressive mouse model of DMD. Alternative approaches using adeno-associated viral vectors to deliver mini genes have also been shown to preserve muscle function and extend lifespan in these severely affected dKO mice. [29] [30] [31] These studies demonstrate the efficacy and long-term effect of gene therapy protocols for DMD. However, as the viability of viral vectors in the clinics, especially considering potential immune responses against the viral capsid, still needs to be established, an antisense compound with minimal toxicity would be highly desirable.
Here, we report a remarkable prevention of the dystrophic pathology and improvement of the muscle function of the severely affected dKO mice following repeated i.p. injections of a cell-penetrating peptide-conjugated PMO. These findings indicate that PPMOs exhibit therapeutic, drug-like effects not only in relatively benign mdx mouse model but also in very severe DMD phenotype of dKO mouse, suggesting great potential for these compounds in the systemic treatment of DMD.
MAterIAls And Methods
Morpholino oligomer and animal experiments. The PMO, designated M23D(+7-18), anneals to the last seven nucleotides of mouse dystrophin exon 23 and the first 18 nucleotides of intron 23 and has been described previously. 24 The PMO, prepared as a conjugate with the cell-penetrating peptide, was supplied by AVI Biopharma (Corvallis, OR) and is referred to here as PPMO.
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The PPMO was resuspended in sterile purified water at a concentration of 50 mg/ml and stored at 4 °C until required. The PPMO diluted in normal saline was delivered to 10-day-old dKO mice by the i.p. route at a dosage of 25 mg/kg/week for a 6-week treatment. Mice were injected at 10 days of age instead of 1 day of age previously reported for mdx mice 11 because of the genotyping steps required for the dKO. Control dKO mice (referred to as untreated dKO mice) were injected with an equivalent volume of normal saline. Control dKO mice show a very severe dystrophic phenotype and were killed at humane end point that varies between 8 and 12 weeks of age depending on the severity of their pathology. No control dKO mice ever survived over the age of 12 weeks in our animal facility. Treated mice were killed at 13 weeks of age (6 weeks after the last injection) by CO 2 inhalation and blood was collected from the jugular vein immediately after killing to determine serum creatine kinase levels. Analysis of serum creatine kinase levels was performed by the pathology laboratory (Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK). Muscles were snap-frozen in liquid nitrogen-cooled isopentane and stored at −80 °C before further analysis. All animal experiments were carried out in the Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, UK and performed according to the guidelines and protocols approved by the Home Office.
Immunohistochemistry and histology. Sections of 8-µm thickness were cut from at least two-thirds of the muscle length of tibialis anterior, gastrocnemius, quadriceps, gluteus, biceps, triceps, diaphragm, back muscles, and cardiac muscle at 100-µm intervals. The intervening muscle sections were collected for subsequent RT-PCR analysis. Routine hematoxylin and eosin staining was used to examine overall muscle morphology. The cryosections were then examined for dystrophin expression using the mouse monoclonal antibody NCL-DYS2 (Novocastra, Newcastle upon Tyne, UK). DAPC protein detection was also performed using a rabbit polyclonal antibody to neuronal nitric oxide synthase and mouse monoclonal antibodies to β-dystroglycan, α-and β-sarcoglycan according to manufacturer's instructions (Novocastra). Polyclonal antibody was detected by goat-anti-rabbit IgGs Alexa 488 and the monoclonal antibodies were used with an M.O.M. kit (Vector laboratories, Burlingame, CA).
RNA isolation and RT-PCR analysis.
Total RNA was isolated from intervening muscle sections collected during cryosection using TRIzol reagent according to the manufacturer's instructions (Invitrogen, Renfrew, UK). Aliquots of 200 ng of total RNA were used for RT-PCR analysis using the Access RT-PCR System (Promega, Southampton, UK) in a 50 µl reaction using the external primers Ex 20Fo (5′-CAGAATTCTGCCAATTGCTGAG-3′) and Ex 26Ro (5′-TTCTTCAGCTTGTGTCATCC-3′). The complementary DNA synthesis was carried out at 45 °C for 45 minutes, directly followed by the primary PCR of 30 cycles of 94 °C (30 seconds), 58 °C (1 minutes), and 72 °C (2 minutes). Two microliters of these reactions were then reamplified in nested PCRs by 22 cycles of 94 °C (30 seconds), 58 °C (1 minutes), and 72 °C (2 minutes) using the internal primers Ex 20Fi (5′-CCCAGTCTACCACC CTATCAGAGC-3′) and Ex 26Ri (5′-CCTGCCTTTAAGGCTTCCTT-3′). PCR products were analyzed on 2% agarose gels.
Western blot analysis. Total protein was extracted from muscle samples with Newcastle buffer (3.8% sodium dodecyl sulfate, 75 mmol/l Tris-HCl pH 6.7, 4 mol/l urea, 10% β-mercaptoethanol, 10% glycerol, 0.001% Prevention of Dystrophy in dKO Mice Using PPMOs bromophenol blue) and quantified using the bicinchoninic acid protein assay kit, according to the manufacturer's instructions (Perbio Science, Chester, UK). Samples were denatured at 95 °C for 5 minutes before 50 µg of protein was loaded in a 5% polyacrylamide gel with a 4% stacking gel. Gels were electrophoresed for 4-5 hours at 100 V and blotted to a polyvinylidene fluoride membrane overnight at 40 V. Blots were blocked for 1 hour with 10% nonfat milk in phosphate-buffered saline-Tween buffer. Dystrophin and α-actinin proteins were detected by probing the membrane with 1:100 dilution of NCL-DYS1 primary antibody (monoclonal antibody to dystrophin R8 repeat; Novocastra) and 1:200 dilution of α-actinin primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) respectively. An incubation with a mouse horseradish peroxidase-conjugated secondary antibody (1:2,000) or goat horseradish peroxidase-conjugated secondary antibody (1:160,000) allowed visualization using ECL Analysis System (GE Healthcare, Amersham, UK). Membranes were converted to numerical pictures by scanning and band intensities were analyzed using the ImageJ 1.33a software (http://rsb.info.nih.gov/ij/).
Muscle function analysis. Functional grip strength analysis was performed on treated and control mice at 8 weeks of age using a commercial grip strength monitor (Chatillon, Elancourt, France). Each mouse was held 2 cm from the base of the tail, allowed to grip a bar attached to the apparatus with their fore paws, and pulled gently until they released their grip. The force exerted was recorded from four sequential tests, averaged at 1 minute apart.
Peak force, specific force, and force drop were measured from the extensor digitorum longus muscle dissected from the hind leg of the treated and control mice. During dissection and experiments, muscles were bathed in oxygenated (95% O 2 -5% CO 2 ) Krebs-Hensley solution composed of (mmol/l): NaCl, 118; NaHCO 3 , 24.8, KCl, 4.75; KH 2 PO 4 , 1.18; MgSO 4 , 1.18; CaCl 2 , 2.54; glucose, 10 (ref. 32) . Contractile properties were measured using previously described techniques. 33 In brief, a silk suture tied onto the exposed tendon at each end of the muscle was used to attach the proximal end of the muscle to a lever arm system connected to a force transducer (model 300B; Aurora Scientific, Aurora, Ontario, Canada) and the distal end to a clamp. The force transducer was in turn attached to a stimulator (model 701B; Aurora Scientific). The equipment was controlled using the signal interface model 604A (Aurora Scientific) and results were recorded by the DMC software (version 4.1.4; Aurora Scientific). The muscle was held vertically and stimulated by an electric field generated by two platinum electrodes placed longitudinally on each side of the muscle. The muscle was subjected to single pulses of 0.2 milliseconds in duration at 30 V while the optimum length (L o ) for development of maximum isometric twitch force was determined. Fiber length (L f ) was determined by multiplying the figure obtained for L o by the predetermined fiber length to muscle length ratio of 0.45 (ref. 34) . A force-frequency curve was generated at 10-Hz intervals from 10 to 100 Hz during a 350-millisecond stimulus. The maximum isometric force (P o ) was calculated from the peak of the curve, as were data required to calculate time to half-peak and time to half-relaxation. Eccentric contractions were performed during a 0.75-second protocol. The muscle was stimulated into tetanus at the frequency required to generate the maximum isometric force. After 0.25 seconds, while contracting tetanically, the muscle was stretched at a rate of one fiber length per second for 0.15 seconds, equating to a total stretch of 15% of fiber length. Shortening of the muscle an equal distance either side of L f was designed to enhance force development. 33 The difference in maximum force produced during tetanus between the first (ECC1) and the fifth (ECC5) eccentric contraction was expressed as a percentage of ECC1 to calculate the percentage force drop. Forces were normalized (N/cm 2 ) by dividing the fiber length by the wet weight of the muscle, which was measured at the end of the experiment after tendons had been removed. All data were digitized and analyzed using the DMA software (version 3.2; Aurora Scientific).
Statistical analysis.
All results are expressed as mean values ± SEM unless otherwise stated. Differences between treated and control cohorts were determined using an unpaired Student's t-test. suPPleMentAry MAterIAl Figure S1 . Life span of control dKO mice. Video S1. Control dKO mouse. Video S2. PPMO-treated dKO mouse.
